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Atomic Snapshots of an RNA Packaging Motor
Reveal Conformational Changes Linking
ATP Hydrolysis to RNA Translocation
which dsDNA is translocated by rotation of the portal
protein dodecamer coupled to an ATPase motor (Simp-
son et al., 2000). However, the ATPase (terminase) is not
well characterized, and the details of mechanochemical
coupling and translocation remain elusive (Catalano,
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2000; Mitchell et al., 2002). Another well-studied packag-Medicine
ing system is that of the dsRNA bacteriophages of theOxford University
Cystoviridae family (Gottlieb et al., 1994, 1991; Mindich,Roosevelt Drive
1999). This packaging machinery is remarkably simple,Oxford, OX3 7BN
consisting of a portal protein (P4) hexamer, which pos-United Kingdom
sesses both the ATPase and translocation activity (Juuti2 Institute of Biotechnology
et al., 1998; Kainov et al., 2003; Lisal et al., 2004; Pirtti-and Faculty of Biosciences
maa et al., 2002).Viikki Biocenter
The Cystoviridae family bacteriophages (φ6–φ14)University of Helsinki
share similarities in genome organization, structural fea-P.O. Box 56
tures, and life cycle with the other dsRNA viruses, suchHelsinki 00014
as members of the Reoviridae family (e.g., bluetongueFinland
virus, orthoreovirus, and rotavirus) (Bamford et al.,
2002). Since dsRNA elicits strong cell responses, those
viruses retain their genomes within a core particleSummary
(Grimes et al., 1998) that performs RNA replication and
transcription (Gouet et al., 1999). In the Cystoviridae,Many viruses package their genome into preformed
three ssRNA genomic precursors are packaged intocapsids using packaging motors powered by the hy-
empty procapsids, where they are replicated by the viraldrolysis of ATP. The hexameric ATPase P4 of dsRNA
polymerase to yield dsRNA (Butcher et al., 2001). Thebacteriophage φ12, located at the vertices of the ico-
major core protein P1 provides binding sites for specificsahedral capsid, is such a packaging motor. We have
recognition of viral RNA, while a packaging NTPase hex-captured crystallographic structures of P4 for all the
amer (P4) provides the energy for RNA translocationkey points along the catalytic pathway, including apo,
(Pirttimaa et al., 2002; Qiao et al., 2003a, 2003b). Cryo-substrate analog bound, and product bound. Sub-
EM reconstructions ofφ6, the best-characterized mem-strate and product binding have been observed as
ber of the Cystoviridae, have demonstrated that the P4both binary complexes and ternary complexes with
hexamer is located on the surface of the procapsid (PC)divalent cations. These structures reveal large move-
at the icosahedral vertices (de Haas et al., 1999). P4ments of the putative RNA binding loop, which are
hexamers from bacteriophagesφ8 andφ13 exhibit heli-coupled with nucleotide binding and hydrolysis, indi-
case activity in vitro and can translocate along ssRNA,cating how ATP hydrolysis drives RNA translocation
and, although sequences of P4 proteins from these dif-through cooperative conformational changes. Two
ferent bacteriophages differ considerably, motifs char-distinct conformations of bound nucleotide triphos-
acteristic of the RecA superfamily of ATPases (H1, H1a,phate suggest how hydrolysis is activated by RNA
H2, H3, and H4) have been detected (Kainov et al., 2003).binding. This provides a model for chemomechanical
It has therefore been suggested that P4 is a member ofcoupling for a prototype of the large family of hexam-
the hexameric helicase family.
eric helicases and oligonucleotide translocating en-
Despite extensive studies, the fundamental mecha-
zymes. nism of action of hexameric helicases, that is, the cou-
pling of ATP hydrolysis and nucleic acid translocation,
Introduction remains elusive. Presumably, conformational changes
in a particular nucleotide binding site, occurring in re-
A key stage in the life cycle of all viruses is the encapsi- sponse to ATP binding, hydrolysis, and release, are
dation (packaging) of the viral genome. Many viruses, propagated to modulate both DNA/RNA interactions
including herpesvirus, poxvirus, adenovirus, and tailed and cooperative changes around the hexameric ring.
dsDNA bacteriophages (Black, 1989; Cassetti et al., To understand the mechanism, it is therefore crucial to
1998; Catalano, 2000; Roizman and Sears, 1996), pack- elucidate the conformational changes occurring during
age the genome into empty capsids via a portal vertex the catalytic cycle by capturing structures in the triphos-
complex. The portal complex translocates the nucleic phate bound (prehydrolysis state), diphosphate bound
acid at the expense of adenosine triphosphate (ATP) (posthydrolysis state), and apo (empty) conformations.
hydrolysis. Bacteriophage φ29 represents the best- Atomic structures have now been reported for several
characterized dsDNA packaging system, and a mecha- hexameric helicases, such as T7 gene 4 helicase domain
nistic model of translocation was proposed on the basis (T7 helicase), archaeal minichromosome maintenance
of the high-resolution structure of the portal protein, in protein complex (MCM), Rho transcription terminator,
replicative helicase of the oncoprotein SV40 large tumor
antigen, and plasmid RSF1010 replicative helicase*Correspondence: dave@strubi.ox.ac.uk
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Table 1. Mad Phasing Statistics
X-Ray Source ESRF BM14
 peak1  inflection1  remote1  peak2  remote2
Wavelength (A˚) 0.9792 0.9794 0.9392 0.9792 0.9392
Resolution range (A˚) 20.0–2.8 20.0–2.8 20.0–2.8 20.0–2.5 20.0–2.5
Observations 978,099 287,700 573,378 2,081,369 2,098,960
Unique data 26,715 26,204 25,774 38,714 41,920
Completeness (%) 96.7 94.9 95.0 98.2 99.7
I/(I) 17.4 13.3 12.7 28.3 23.5
Rmergea (%) 16.2 14.9 15.4 12.9 11.7
Phasing power (Iso/Ano) 0.2/3.2 0.4/1.5 2.8/2.1 3.8/2.8
RepA, but in no case has the protein been captured on the hexameric ring were occupied with nucleotide.
In the AMPcPP structure, two distinct conformations ofin more than one nucleotide-type bound conformation
(Fletcher et al., 2003; Li et al., 2003; Niedenzu et al., the protein and nucleotide were observed; in all other
structures, all active sites were equivalent. The nucleo-2001; Singleton et al., 2000; Skordalakes and Berger,
2003). In the case of T7 helicase and Rho, the structure tide-free apo crystals belong to space group P1, with
four hexameric rings in each crystallographic asymmet-has been solved in the presence and absence of AMP-
PNP, but it reveals the same conformation. Most impor- rical unit. Details of structure quality are given in Table 2.
tantly, no hexameric helicase has been visualized in a
conformation with bound Mg2, which is strictly required
Structure of the P4 Monomer
for nucleotide hydrolysis.
Figures 1A and 1B show a ribbon diagram of the P4
This paper reports the crystal structures of the hexam-
monomer in complex with AMPcPP. The triangular
eric P4 ATPase from bacteriophage φ12 in the nucleo-
wedge-shaped monomer (55 35  55 A˚) is composed
tide-free conformation and in binary complexes with
of an N-terminal domain, a central conserved core, and
ADP and an ATP analog (AMPcPP: , -methyleneade-
a C-terminal region. The central core, together with part
nosine-5-triphosphate) as well as their ternary com-
of the C-terminal region, forms a Rossmann-type nucle-
plexes with divalent cations. These correspond to differ-
otide binding domain (residues 124–290 in beige in Fig-
ent states, which include the apo protein, a “substrate”
ure 1) containing a twisted, eight-stranded  sheet of
complex, and a “product” complex. The putative RNA
mixed parallel and antiparallel topology (strands 9–13
driving region is found in two conformations, depending
parallel and 14–16 antiparallel) flanked by five helices,
on the nucleotide binding state. The various structures
3–7. Despite negligible sequence similarity, the nucle-
provide direct evidence for the mechanism of coupling
otide binding domain of P4 is strongly similar in structure
RNA binding, ATP hydrolysis, and RNA translocation.
to the equivalent domain of RecA (158 residues super-
The mechanistic principles found in P4 may be common
pose with rms deviation 3.2 A˚, superpositions performed
to other hexameric helicases.
using SHP [Stuart et al., 1979]) and other hexameric
ATPases, including the T7 helicase (177 residues super-
posed, rms deviation 3.5 A˚), RepA (155 residues, rmsResults and Discussion
deviation 3.7 A˚), the N-ethylmaleimide-sensitive fusion
protein (NFS) (130 residues, rms deviation 3.3 A˚), andStructure Determinations
The initial ADP bound structure was determined by the the bacterial conjugation protein TrwB (150 residues,
rms deviation 3.6 A˚). In addition, the nucleotide bindingMAD method from selenomethionated full-length pro-
tein expressed in E. coli (see Experimental Procedures fold of P4 is strikingly similar to the  and  subunits of
F1-ATPase (185 and 180 residues, respectively, super-and Table 1). The crystallographic asymmetric unit for
this crystal form contains three subunits, one half of the posed with rms deviation of 3.6 A˚). The RecA nucleotide
binding site is formed from highly conserved catalytichexameric molecule (hexamers encircle the crystallo-
graphic 2-fold axes). Residues 196–206, 300–306, and residues at the tips of parallel  strands. The antiparallel
 strands that cap the sheet (strands 14–16) alsothe C-terminal segment 322–331 are disordered in all
subunits. The refined structure (at 2.0 A˚ resolution) has have equivalents in F1-ATPase, despite no detectable
sequence identity. The first 38 residues of P4 form twogood stereochemistry, and more than 90% of the resi-
dues lie in the most favored region of the Ramachandran orthogonal helices (1 and 2) assembled into a safety
pin-like feature with 1 extending toward the neigh-plot (Laskowski et al., 1993). Subsequently the apo (nu-
cleotide-free), ADP-Mg2 complex, AMPcPP complex, boring subunit. Following these helices is an additional
all  domain (residues 39–123) containing three smalland AMPcPP-Mg2 substrate and product complexes
were solved at 2.5, 2.7, 2.3, 2.4, and 2.3 A˚ resolution, antiparallel  sheets. The sequence of this domain is
not conserved between different members of the Cys-respectively (we have also solved AMPcPP and ADP
complexes including Mn2; see Experimental Proce- toviridae, has no equivalent in other RecA-like helicases
(which usually have an all  domain), and may be in-dures and Table 2 for a full description). Note that all
complexes were obtained by cocrystallization rather volved in functions other than the core activity of RNA
translocation (Figure 1C). The C-terminal region, resi-than by soaking into preformed crystals. In every struc-
ture cocrystallized with a nucleotide, all six active sites dues 290–331, forms a patch of nonconserved hy-
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drophobic residues dispensable for hexamerization and residues that contribute to flexibility (GAAGGNTTSGG),
while the first half of 6 has clusters of positive andcatalytic activity but essential for binding to the virus
capsid (Paatero et al., 1998). This fixes the orientation negative charges (DDKIVELVKE). The N-terminal tip of
6 presents a conserved lysine (Lys241) in an ideal posi-of the hexamer on the virus (Figure 2B) and will be impor-
tant in the discussion that follows. These C-terminal tion to interact with the RNA. The role of residues in
RNA translocation cannot be investigated directly for P4residues are partly disordered (300–305, 322–331), but
clear electron density is visible for a C-terminal helix φ12 by site-directed mutations, as the affinity between
RNA and P4 is low in vitro (mM dissociation constant(7) that is presumably involved in interactions with the
capsid shell. [Kainov et al., 2004]); however, mutation of Lys241 to
Ala completely abolishes the stimulation of ATPase ac-
tivity by RNA (D.E.K., unpublished data), suggesting aStructure of the P4 Hexamer
The P4 hexamer resembles a dome with a diameter of key role for this residue in RNA translocation. The low
affinity of P4 for RNA is in line with the preponderance95 A˚ and a height of 55 A˚ (Figure 2). The funnel-like
central channel varies from 25 A˚ to 21 A˚ in width. This of negative charges on the wall of the central channel
(Figure 2A), although the flexible L1 loop may attenuatechannel is occupied by part of helix 6 and two loops,
L1 (residues 196–206) and L2 (residues 233–238; Figure charge repulsion. These features are likely to facilitate
the smooth passage of RNA through the channel during4), named by analogy with loops in T7 helicase and
RepA (Niedenzu et al., 2001; Singleton et al., 2000). The packaging and extrusion, as observed in other single-
and double-strand translocation systems such as theelectron density for loop L1 is poorly defined (if these
disordered residues were modeled, they would substan- reovirus portal (Reinisch et al., 2000), TrwB (Gomis-
Re`uth et al., 2001), and the φ29 connector (Simpson ettially occlude the central channel). The flat bottom of the
dome (which is attached to the virus capsid) is formed al., 2000), which also possess acidic channels. The low
in vitro affinity of P4 for RNA would avoid nonspecificby the last three strands of the extended  sheet in
conjunction with the partially disordered C-terminal helix RNA binding and packaging but raises the question of
how RNA is initially engaged. For the Cystoviridae, pack-7 (green in Figure 2). The central core of the hexamer
is the conserved ATPase catalytic apparatus (red in Fig- aging specificity is conferred through binding of particu-
lar RNA sequences (pac sites) to the major core proteinure 2). The top of the dome is formed by the N-terminal
all  domain (purple in Figure 2). Helix 1 (residues 6–22 P1 (Mindich, 1999; Qiao et al., 2003b). If these RNA
binding sites lie adjacent to the P4 hexamers (Figurein blue in Figure 2) is 25 A˚ long and projects from the
globular monomer into the adjacent subunit, a feature 2B), the need for P4 binding and ring opening might be
eliminated. Once the RNA enters the central cavity, italso seen in T7 helicase and RepA, where it has been
postulated to be important for hexamer formation and could be stabilized by the alternating positive and nega-
tive charges at the N-terminal end of the 6 helix.stabilization (P4 fromφ12 is hexameric in the absence of
any nucleotides). In the presence of bound nucleotides,
φ12 P4 forms a symmetric hexamer: for example, the Nucleotide Binding Site
The nucleotide binding pocket of φ12 P4 lies at therms deviation from exact 6-fold symmetry is 0.33 A˚ (and
the rotational relationships are precise to within 1) for interface of adjacent subunits (Figures 3 and 4B) essen-
tially on the outer surface, some 25 A˚ from the innerthe AMPcPP bound form. In the apo enzyme, the hex-
amer remains symmetrical, with the exception of the L2 channel. Residues in the binding pocket have potential
roles: (1) in catalysis, (2) in stabilization of substrateloops, which are essentially randomly distributed be-
tween two conformations (as discussed later). binding, and (3) as 
-phosphate sensors. Four residues,
Lys136, Thr137, Glu160, and Asp189, appear to be in-
volved in the ATPase activity. These amino acids, lo-Sites of Interaction with RNA
The P4 hexamer defines a portal channel of appropriate cated in conserved motifs at the C termini of  strands,
form a typical nucleotide binding site (Figure 3). Lys136dimensions to accommodate the passage of single-
stranded A form RNA (Figure 2A). Most other hexameric and Thr137 are part of the P loop and interact with the
- and -phosphate groups of substrate and product.helicases and RecA-like ATPases appear to bind oligo-
nucleotides in their central channel. In P4, the central In the ternary complexes, Asp189 coordinates Mg2
(confirmed by Mn2 anomalous scattering, Figure 3),part of the channel displays an unusual distribution of
amino acid residues: the disordered loop L1 is rich in while the carboxylate of the conserved Glu160 is posi-
Figure 1. Structure and Topology of the P4 Monomer
(A and B) Stereoviews of the P4 monomer viewed from the top (A) and side (B); the position of the monomer within the hexamer is highlighted
in red. The conserved RecA-like nucleotide binding domain is colored beige, while specific features including helicase motifs, arginine fingers,
adenine binding motifs, and L1 and L2 loops are colored as defined in (C). AMPcPP is shown in gray. Structural features not part of the
nucleotide binding domain are colored gray. These representations and all others, except where noted, are drawn using Bobscript (Esnouf,
1997) and rendered with RASTER3D (Merrit and Bacon, 1997). (C) The first four rows represent a sequence alignment of P4 from different
Cystoviridae (φ12, φ6, φ8, and φ13). The remaining rows represent a sequence comparison between P4, the T7 helicase domain, RecA,
RepA, and F1-ATPase ( and  chains), based on the alignment of structurally equivalent residues (from the output of SHP [Stuart et al.,
1979]). Filled boxes indicate the conserved motifs of the RecA-like helicase family (H1, H1a, H2, H3, H4, arginine fingers, and adenine stacking
motifs); empty boxes indicate the position of loop L1 (disordered in black) and L2 (ordered in cyan) in P4. Motif H1 is also known as the P
loop or Walker A, and H2 is also known as the Walker B motif. Conserved residues are marked with a star beneath the sequences. Secondary
structure elements of P4 φ12 are shown above the aligned sequences.
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Figure 2. Structure of the P4 Hexamer
(A) The P4 hexamer is shown in terms of its
secondary structural elements and solvent
accessible surface in top, side, and bottom
views. The secondary structural elements are
colored according to the bar where different
colors distinguish subdomains or segments
of the P4 monomer: N-terminal safety pin mo-
tif (blue), all  domain (dark purple), con-
served RecA-like ATP binding domain (red),
and antiparallel  strands and C-terminal he-
lix (green). Six molecules of AMPcPP, drawn
as ball-and-stick representations, are located
in clefts between monomers. The solvent-
accessible surface of P4 (without nucleo-
tides) is colored according to the electrostatic
potential (defined in the key). The top view
shows the solvent-exposed face of the P4
hexamer, while the bottom view shows the
C-terminal face that packs against the pro-
capsid. Representations and calculations
were performed with GRASP (Nicholls et
al., 1991).
(B) Cartoon showing the position of the P4
hexamer (red) on the empty φ12 procapsid
(green) while packaging ssRNA (cyan).
tioned to activate a water molecule for nucleophilic at- conformational changes, were first identified for RecA
(Story and Steitz, 1992). In RecA, the conserved residuetack on the 
-phosphate. The Asp189-Ser190 peptide
is in a rare cis conformation, which is a characteristic of Gln194 interacts with the 
-phosphate of ATP, modulat-
ing allosteric transitions of the DNA binding loop L2the RecA-like helicases (Niedenzu et al., 2001; Sawaya et
al., 1999), reflecting the somewhat strained conforma- in response to ATP binding and hydrolysis. In P4, the
structurally equivalent Asn234 (fully conserved amongtion of this region of the protein. As in many RecA-like
ATPases, bound nucleotides are stabilized by stacking Cystoviridae, Figure 1C) is positioned to contact the

-phosphate of a triphosphate (Figure 3) and might fulfillof the adenine moiety between side chains (Tyr288 and
Gln278 in P4, Figure 3). In contrast to RecA and T7 the same role. The active sites of RecA-like ATPases
usually contain a second motif contributed from an adja-helicase, in which the ATP base stacks against residues
belonging to the subunit carrying the catalytic site, cent monomer, commonly an arginine residue, con-
tacting the 
-phosphate of ATP. Insertion of this “argi-Gln278 in P4 belongs to the adjacent subunit.
Sensor motifs, which are supposed to detect the pres- nine finger” into the catalytic site is believed to stabilize
the transition state, thus facilitating ATP hydrolysis (rem-ence or absence of the 
-phosphate of ATP and relay the
information to other sites within the molecule through iniscent of activation of G proteins by their cognate
Crystal Structure of Phage φ12 Packaging ATPase
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Figure 3. The Nucleotide Binding Site
Residues involved in nucleotide binding and catalysis and elements of secondary structure in the cleft between two P4 monomers (cyan and
purple). Nucleotides and selected residues of the active site are drawn in a ball-and-stick representation. Residues are labeled in black only
in the first panel. The nucleotides are color coded according to their conformation: AMPcPP inactive “I” (orange), AMPcPP active “A” (red),
product “P” (blue), and ADP-Mg2 (yellow). The electron density for the bound nucleotides and ions, calculated from the final Fourier difference
(2Fo  Fc), is shown in a beige surface representation (1.0 ). Mg2 ions are shown as pink balls, while the anomalous Fourier difference map
for the Mn2 ions is shown as magenta chicken wire. The phosphates are anchored by residues of the P loop (colored in red). The views are
chosen to be equivalent for each nucleotide binding site. The associated cartoon representation shows the coordination of nucleotides to
selected residues of the catalytic sites and divalent cations. Distances (in A˚) are shown as dotted lines.
GAPs [Sprang, 1997]). Arginine fingers are usually not of these were obtained straightforwardly by cocrystalli-
zation, bound substrate proved difficult to capture.conserved in the sequence and can be contributed by
different regions of the structure. φ12 P4 appears to Somewhat surprisingly, biochemical analysis (data not
shown) revealed that AMPcPP is a more effective inhibi-have two arginine fingers, residues Arg272 and Arg279,
located on either side of a  hairpin that protrudes from tor of hydrolysis than other so-called nonhydrolyzable
analogs (AMPPnP, AMPPcP, and 
-S-ATP). Whileone monomer to the next, positioned to interact with
the 
-phosphate of AMPcPP. These arginines are con- bound AMPcPP is stable in the absence of Mg2 (and
a P4-AMPcPP structure was readily obtained), at roomnected via strand 15 to Tyr288, which forms part of an
adjacent nucleotide binding site (Figure 4B), providing temperature, cocrystallization with Mg2 provided a
crystal structure for loosely bound product (we term thisa mechanism to transmit conformational changes be-
tween neighboring active sites upon nucleotide binding product state “P”; see Figure 3). This demonstrates that,
even in the absence of activating RNA, so-called nonhy-and hydrolysis.
drolyzable ATPs turn over, suggesting that crystal pack-
ing forces do not inhibit catalysis. To provide sufficientConformational Changes due to ATP Hydrolysis
To map out the conformational changes occurring dur- time resolution to determine the structure of the ternary
substrate analog complex, P4 was cocrystallized withing the cycle of substrate binding, hydrolysis, and prod-
uct release, we determined and compared structures of AMPcPP and Mg2 (or Mn2) at 4C and data collected
within 24 hr of setting up the crystals.relevant nucleotide bound states (Table 2). While most
Cell
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Figure 4. Conformational Changes due to Nucleotide Hydrolysis
The structures of AMPcPP-Mg2 and ADP-Mg2 bound P4 are compared. (A) Space filling representation of half of the P4 hexamer (top and
side views) and coil representation of the 6 helices-L2 loops, P loops, and strand connecting arginine finger motif to adenine binding motif,
in the AMPcPP-Mg2 conformation of two neighboring subunits (magenta and light yellow) superimposed to the ADP-Mg2 conformation
(purple and dark yellow) of the same subunits. The AMPcPP molecules are shown in green. (B) Coil representation of the secondary structure
elements highlighted in (A) for the entire P4 hexamer. The color scheme and subunit notation are the same as in (A). (C) Details of the
nucleotide binding domain and corresponding P loop and L2 loop in the AMPcPP “A” conformations superimposed on the ADP-Mg2 (“P”-
like) conformations colored as for (A). The red arrows indicate the conformational changes which the 6 helix-L2 loop and P loop undergo
following hydrolysis of bound ATP.
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The set of structures assembled reveal that two re- which we term A or activated conformations (Figure 3).
We also denote the associated protein subunit A or I,gions of the P4 subunit undergo major conformational
changes: the RNA binding site (helix 6 and loop L2) according to the bound AMPcPP conformation. Al-
though there are no significant differences in the proteinand the P loop (Lys131-Gly135). These changes are cor-
related with differences in the nucleotide binding state. subunits (maximum deviation 0.5 A˚), the different confor-
mations of the bound AMPcPP mean that the protein-In the complexes of P4 with AMPcPP (both in the pres-
ence and absence of divalent cations), the L2 loops and ligand interactions differ significantly. In the A state, the

-phosphate of AMPcPP is positioned to be sensed bythe following 6 helices, between pivot residues Asn234
and Ser252, are in an “up” conformation, whereas, in Arg279 and by the catalytic Glu160, whereas, in the I
state, it is too distant from those residues to make directthe P4 diphosphate complexes (P state and ADP-Mg2),
they are in a “down” conformation (Figures 3 and 4). In interactions (Figure 3). These relatively small differences
probably affect catalysis; thus, for F1-ATPase, insertionaddition, in the AMPcPP complexes, the P loop is folded
down to interact with the - and -phosphates of the of the arginine finger into a catalytic site is required for
full activity (Nadanaciva et al., 1999), and mutation ofnucleotide (we define this as the “relaxed” state). In the
ADP-Mg2 complex, the P loop is rearranged so that Arg279 to Ala abolishes activity of P4 (D.E.K., unpub-
lished data). For this reason, we believe that the A stateSer134 makes an additional hydrogen bond to the-phos-
phate (see Figure 3). We define this as the “strained” may be a good model for the catalytically competent
state. Fluorescent experiments on F1-ATPase suggestconformation, since electron density for the loop in this
conformation is less defined. To form this strained con- that full occupancy of the nucleotide binding sites is
biologically relevant since, under conditions of maxi-formation, the P loop flips up (with residue Asn133 un-
dergoing a displacement of 6.3 A˚), perturbing one end mum turnover, all catalytic sites are occupied, implying
that the nucleotide free state is relatively short livedof the L2 loop and causing the 6 helix to pivot forward
and down into the channel (Figures 4 and 5). Indeed, when the substrate concentration is high (Weber et al.,
1993). Furthermore, a recent analysis of aluminum fluo-the tip of the side chain of Lys241, the conserved residue
we implicate in interactions with RNA, is displaced along ride-inhibited bovine F1-ATPase shows all catalytic sites
filled by nucleotide (Menz et al., 2001).the channel by 12 A˚. In the apo structure, the P4 hexamer
contains a mixture of up and down L2 loop-6 helix For P4 (in both the presence and absence of Mg2),
ADP is bound identically at every binding site, and theconformations, while all the P loops are in the relaxed
down state. We propose that the downward motion of configuration of the catalytic residues around the nucle-
otide is very similar in all three molecules in the asym-the 6 helix occurs as a consequence of ATP hydrolysis,
providing the power stroke needed for RNA transloca- metric unit. In the absence of Mg2, however, the L2
loop adopts the up conformation, and the P loop is intion. Our structures indicate that binding of substrate
(ATP or AMPcPP) locks L2 and 6 in the up position. the relaxed state. This structure closely resembles the
I state AMPcPP bound structure. Since Mg2 ions areHydrolysis then triggers the power stroke, and finally,
on release of the product ADP-Mg2, the L2 loop relaxes, strictly required for nucleotide hydrolysis, we suggest
that the Mg2 bound structure (L2 down, P loop “tense”)unlocking it from the down position.
In addition to the conformational changes in the L2 is the best model for the true product bound state.
loops, 6 helices, and P loops, localized but significant
changes occur in the nucleotide binding site between A Model for Sequential Hydrolysis of ATP
the substrate analog complex and the product complex. and RNA Translocation
Loop Asp275-Arg279, flanked by the arginine finger mo- The complexes of P4 (with and without divalent cations)
tifs, undergoes a slight rearrangement, the side chains with substrate analogs and product appear to provide
of residues Gln278 and Arg279 moving 1 A˚ and 2 A˚, snapshots of all the key steps in the power and recovery
respectively, toward the bound nucleotide in an adjacent strokes of the P4 motor and suggest how RNA coopera-
subunit. The L2 loop regulates this movement by hydro- tively stimulates ATP hydrolysis.
gen bonding to the arginine finger Arg279 via Arg251. We expect that the linear ssRNA adopts a right-
With the L2 loop down, Arg251 retracts, leaving Arg279 handed spiral conformation similar to that of A form
free to insert into the nucleotide binding pocket of an dsRNA (for example, as observed for ssRNA exiting from
adjacent subunit and hydrogen bond to the-phosphate the bluetongue virus [Diprose et al., 2001]). This helical
of ADP. conformation has some 11 bases per turn with a rise
per base of 2.6–2.8 A˚. The L1 loops of the protein are
extremely flexible, and they may act like a grommet,Alternative Substrate Binding Modes
In the presence of the divalent cations Mg2 or Mn2, tending to restore the RNA to a roughly central position.
In contrast, the L2 loop-6 helix region has a well-the substrate analog binds in a conformation similar to
that adopted by the product (Figure 3). We term this the defined internal structure and at least two preferred po-
sitions. This segment might act as a locating pin, whichinactive state (I) since, in the absence of RNA, the activity
of the enzyme is low (Kainov et al., 2004). However, in engages the RNA backbone and possesses sufficient
internal rigidity to allow the efficient transmission of me-absence of divalent cations, significant differences in
the conformations of the bound AMPcPP occur in the chanical force to drive the RNA along the axis of the
hexamer cavity in response to ATP hydrolysis. Bindingcrystallographically independent catalytic sites. AMPcPP
is bound with full occupancy in all subunits but assumes of ATP appears to lock the L2 loop and 6 helix in the
up configuration, where it is ideally situated to engageone of two conformations. One third of the subunits
adopt the I state, while the remainder adopt a state the incoming ssRNA. Upon ATP hydrolysis, the P loop
Cell
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Figure 5. Model for Translocation along P4 by the ssRNA
The relative movements of the RNA binding loops in six adjacent subunits as the ATP hydrolysis-induced conformational changes ripple
around the ring. (A) Diagram showing the hexameric molecule represented as a cylinder associated with the viral capsid shell (gray). The
direction of ssRNA (yellow) translocation is depicted by a yellow arrow, while the cyan arrow shows the direction of sequential ATP hydrolysis.
To obtain the view shown in (B), the coordinates are projected onto the cylinder shown and the cylinder unwrapped to lie across the page.
The effect of this is that the P4 hexamer is peeled open and viewed from inside the ring looking outward. (B) Cylindrical polar projection
showing a snapshot of the hexamer just prior to hydrolysis at subunit j (marked with the flash). The RNA binding loops are colored green and
the ssRNA yellow with phosphates represented by balls. Phosphates interacting with the RNA binding loops are identified by a green outer
glow. Diphosphate and triphosphate moieties are colored according to their conformation using the color scheme and nomenclature of Figure
3. The power stroke associated with the hydrolysis step about to occur will translocate RNA downward (from the solid RNA position to the
semitransparent position). Two turns of the RNA spiral are shown.
swivels up, pushing up against one end of the L2 loop, open so that coordinated hydrolysis occurs from right
to left (subunit j, j 1, etc.). The figure shows a snapshotforcing the rest of the L2 loop and the 6 helix to pivot
down (Figure 4C). Thus, the P loop acts as a piston, of events taken as the ATP in site j is about to be hy-
drolyzed. At this point, the geometry of the RNA back-driving the 6 helix down and with it the engaged RNA.
How are these power strokes coordinated to produce bone holds the L2 loop at j  1 in the down position,
stabilizing the ADP bound conformation. The boundefficient unidirectional translocation? It is established
that RNA stimulates hydrolysis (Kainov et al., 2004), and ADP will, in turn, stabilize the site j in the activated
(A) state, accelerating ATP hydrolysis at that site. Thisthe right-handed RNA spiral directly links adjacent sub-
units and allows them to sense the downward movement activation occurs because, with the L2 loop of subunit
j  1 down, the interaction of Arg251 with Arg279 isof RNA. Looking down the hexamer channel from the
outside of the virus, the right-handed nature of RNA broken, allowing the Arg279 finger to insert into the
catalytic site of j. Hydrolysis at site j initiates the powerdefines the direction of hydrolysis around the hexamer
as anticlockwise (Figure 4B). In Figure 5, the hexamer stroke, during which the L2 loop of subunit j moves
downward, translocating the RNA, which breaks thewith a modeled A form RNA attached has been peeled
Crystal Structure of Phage φ12 Packaging ATPase
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RNA-L2 interaction at site j  1. This contributes to the structural conservation within the energy conversion
module, suggesting that they employ common mecha-destabilization of ADP binding at the j  1 site so that
ADP-Mg2 is released and replaced by ATP-Mg2 (these nistic principles. Genome packaging by viruses may
therefore be a good model for processes that rely ontwo events are both rapid [D.E.K., unpublished data]).
The bound triphosphate locks the j  1 L2 loop into the motor proteins to transduce the energy of ATP hydroly-
sis into mechanical work. It may be that the strikingup position, ready to interact with the RNA backbone
on the next circuit of hydrolysis. The ADP-Mg2 bound similarity observed between the structures of the perva-
sive hexameric ATPases and the P4 packaging enzymesite j now activates subunit j  1, which is set up for
the next hydrolysis reaction. This model predicts that, reflects a common evolutionary origin. We have pre-
viously proposed that core features of the dsRNA viralduring translocation, on average, five active sites will
be occupied by ATP-Mg2 (four in state I and one in lineage are very ancient, predating the separation of the
different domains of life (Bamford et al., 2002), whichstate A) and one by ADP-Mg2. Note that this model
requires no relative rotation of the RNA or protein and might suggest that this key molecular motor originated
in an ancestor of bacteriophageφ12. Irrespective of therelies on cooperative interactions between adjacent ac-
tive sites to ensure the proper synchronization of hydro- evolutionary history of these molecules, the current work
provides a set of structural snapshots of one of thelysis so that, until hydrolysis is required, bound ATP is
attached in a hydrolysis-incompetent state. Assuming simplest nucleic acid pumps found in nature, from which
we propose how crosstalk between the externally situ-that the RNA is in approximately A form geometry (see
Figure 5) in a single circuit of hydrolysis around the ated sites of ATP hydrolysis and the translocated RNA
located at the center of the ring is coordinated to provideP4 ring, six molecules of ATP would be hydrolyzed to
package around 11 bases of RNA. This value is in line a highly efficient unidirectional motor driven by well-
defined and localized conformational changes triggeredwith experimental data obtained for packaging dsDNA
in phages φ29 and T3 in vitro (Guo et al., 1987; Morita by ATP hydrolysis.
et al., 1993) and for translocation of T7 helicase on
ssDNA (Kim et al., 2002).
Experimental Procedures
Our model differs from that previously proposed for
the T7 helicase, which was based on major deviations Structure Determination
The purification and crystallization of recombinant full-length P4,from 6-fold symmetry within the protein, both in the
expressed in E. coli, have been described elsewhere (Mancini et al.,presence and absence of AMP-PNP (Singleton et al.,
2004). SeMet-labeled P4 was purified using the protocols developed2000). We suggest that such asymmetry may facilitate
for the native protein and crystallized in the presence of 10 mMthe ring opening required to load DNA in that system
ADP in the same conditions as the native protein (Mancini et al.,
and may not be relevant to translocation. Our model for 2004). Two crystal forms have been characterized, one belonging
translocation does, however, resemble the sequential to space group I222 and the other to P1. These occur in the presence
and absence of nucleotides, respectively. For the crystals belongingbinding change mechanism proposed for the T7 gp4 on
to space group I222, MAD data were measured from two frozenthe basis of biochemical evidence, and it shares salient
crystals at beamline BM14 at the ESRF to a Bragg spacing of 2.8features with the rotary motor F1-ATPase (Hingorani et
and 2.5 A˚, respectively. Data were measured at the peak, inflection,al., 1997). For instance, it is notable that loop L2 corre-
and high-energy remote wavelengths for the selenium K-edge for
sponds in sequence and location to a segment within one crystal and at the peak and high energy remote for the second
the C terminus of the  subunit of F1-ATPase that con- crystal. Data were processed using the HKL2000 suite of programs
(Otwinowski, 1997) (Table 1). The crystals have unit cell dimensionstacts the 
 subunit shaft (the functional equivalent of
of a	 105.2, b	 130.9, c	 158.8 A˚ with three subunits per asymmet-the RNA) and is displaced during the power cycle. In the
ric unit. The positions of all 15 expected Se sites were locatedF1-ATPase “binding change” model, as in ours, catalysis
using SOLVE (Terwilliger and Berendzen, 1999) and were refinedproceeds through a cyclical mechanism, coordinated
and phased at 2.5 A˚ using SHARP (de La Fortelle and Bricogne,
by the switch motifs that communicate between sub- 1997). The initial phases were improved by cyclical 3-fold averaging
units, in which binding, hydrolysis, and release of the and solvent flattening followed by phase extension (D.I.S. and
J.M.G., unpublished data) against a native data set previously col-nucleotide are sequential and coupled, involving three
lected to 2.0 A˚ at beamline ID14-EH2 at the ESRF (Table 2). Theneighboring subunits at a time.
resulting electron density map was of excellent quality, and 90% of
the structure was autotraced by ARPWARP (Perrakis et al., 1999).
Conclusions Additional structure was built manually with the program O (Jones
Packaging the genome into an empty procapsid is cen- et al., 1990), followed by several iterative rounds of refinement with
CNS (Bru¨nger et al., 1998). Strict 3-fold NCS constraints used fortral to the assembly of many complex viruses. Packaging
the initial model building were relaxed to restraints for the finalis believed to be driven by a rotary device coupled to
refinement. The final model (three copies of residues 1–195, 207–an ATPase motor, which has recently been shown to be
299, and 306–321; three ADP molecules; and 775 waters) has an Rone of the strongest force-generating molecular motors
factor of 17% and a free R factor of 22%, and 90% of the residues
(Smith et al., 2001). Moreover, packaging ATPases bear lie in the most favored regions of the Ramachandran plot. Data
mechanistic and structural similarities to a variety of collection for the unliganded protein in space group P1 has been
described (Mancini et al., 2004). The P1 crystal form was solved byhelicases and other nucleoprotein enzymes involved in
molecular replacement using the program AMORE (Navaza, 2001)diverse biological functions such as DNA replication,
to determine the orientations and positions of the 24 subunits (fourtranscription, and recombination. Many of these motor
hexamers) in the asymmetric unit. Rigid body refinement was carriedproteins form ring-shaped oligomers and are part of
out in CNS (Bru¨nger et al., 1998). Initially strict 24-fold NCS con-
an enormous superfamily of molecular motors (AAA straints were imposed. The release of the strict constraints revealed
proteins [Ogura and Wilkinson, 2001]). Despite their the presence of alternate conformations of the region comprising
residues 235–249 and C-terminal residues 306–321. The final modelhuge diversity of function, these proteins show marked
Cell
754
has an R factor of 22%, a free R factor of 25%, and good stereo- Black, L.W. (1989). DNA packaging in dsDNA bacteriophages. Annu.
Rev. Microbiol. 43, 267–292.chemistry (see Table 2).
Bru¨nger, A.T., Adams, P.D., Clore, G.M., DeLano, W.L., Gros, P.,
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AMPcPP were grown under the same conditions as the ADP bound software suite for macromolecular structure determination. Acta
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